Background: Approximately half of patients with muscle invasive bladder cancer succumb to their disease. Previous work identified cell cycle related genes as a prognostic class of gene expression biomarkers in bladder cancer and found a specific 31-gene cell cycle proliferation (CCP) signature predicted outcome across multiple bladder cancer cohorts. However, the prognostic value of the CCP signature specifically in muscle invasive tumors was not evaluated. Objective: To determine the prognostic value of cycle related genes in patients with muscle invasive bladder cancers. Method: We collected all publicly available gene expression data for patients with high-grade, muscle invasive bladder cancer (8 cohorts, N = 458). We evaluated the CCP signature and two larger cell cycle gene sets: 1826 genes with a Gene Ontology (GO) annotation of "cell cycle" (GO-CCS) and 124 genes belonging to the "cell cycle" pathway in the KEGG pathway database (KEGG-CCS). An independently derived a sex identification gene signature (SIS) was developed as a positive control. Results: While SIS distinguished males from females in all cohorts with information about patient sex, the CCP signature was not prognostic in any of the cohorts we analyzed, and the GO-CCS and KEGG-CCS were never prognostic in more than 2 independent cohorts. Furthermore, neither the CCP, GO-CCS, nor KEGG-CCS signatures were consistently enriched in prognostic genes while SIS was enriched with genes associated with sex in all cohorts. Conclusions: Our findings suggest that cell cycle related genes have limited prognostic value in patients with high-grade, muscle invasive tumors. Their usefulness in predicting progression of noninvasive disease and patient response to chemotherapy remains to be determined.
INTRODUCTION
Bladder cancer is the ninth most common cancer in the world [1] and the fourth most common cancer in males in the United States [2] . For the 20-30% of patients that present with muscle invasive (T2-T4) tumors, approximately 57% experience recurrence within five years and the majority of these patients Several studies have identified bladder cancer subtypes in patients with muscle invasive tumors. Using unsupervised clustering, Choi and colleagues identified basal and luminal subtypes that were associated with poor and good outcomes, respectively, and a p53-like subtype that was associated with increased resistance to chemotherapy [5] . Concurrently, Damrauer and colleagues also identified basal and luminal subtypes from high-grade, muscle invasive tumors and these subtypes were associated with outcome [6] . A separate analysis identified subtypes of highgrade, muscle invasive tumors, based on an integrated analysis of mRNA, miRNA, and protein data. These subtypes included papillary and basal/squamous subtypes. These authors carried out an integrated analysis of the mutation and copy-number data from 131 high-grade, muscle invasive bladder tumors found that cell cycle genes were altered in 93% of patients [7] .
Cell cycle gene expression biomarkers are associated with outcome in a variety of cancers, including breast, prostate, and melanoma [8] [9] [10] . We have previously analyzed gene expression profiles from five bladder cancer patient cohorts (N = 840) and found that cell cycle genes were the only class of genes that consistently predicted outcome across multiple patient cohorts. Furthermore, we evaluated a specific cell cycle proliferation (CCP) signature and found that high CCP scores were associated with poor outcome in all five bladder cancer patient cohorts we analyzed. However, these cohorts all included patients with both muscle invasive and non-muscle invasive (Ta-T1) tumors [11] .
The purpose of this study is to evaluate the prognostic value of the CCP signature and cell cycle related genes more broadly in patients with high-grade, muscle invasive tumors. We first demonstrate that the CCP signature is prognostic in cohorts containing low-grade, non-muscle invasive and high-grade muscle invasive tumors, before focusing specifically on patients with high-grade, muscle invasive tumors. As a putative "positive control", we apply the same methodology to the classification of males and females in the same independent cohorts where sex information is available.
MATERIALS AND METHODS

Patient cohorts and selection criteria
We have collected all published publicly available bladder cancer gene expression data for patients with high-grade, muscle invasive tumors having clinical outcome information (OS, DSS, or RFS). High-grade tumors were either classified as "high grade" according to the low vs. high grade classification system or classified as grade 3. With the exception of our power analysis (see below), patients were included only if they had high-grade, muscle invasive tumors, did not receive chemotherapy, and had radical cystectomy as definitive treatment. We identified eight patient cohorts (Table 1 , N = 458), consisting of 44 patients profiled Table 1 The eight patient cohorts (N = 458) used in the analysis and their clinical characteristics. A question mark (?) corresponds to patients where nodal or metastasis status were unknown or not available; a dash (-) indicates that information about the corresponding variable is not known. The P-value tests against the null hypothesis that all group means or proportions are the same using analysis of variance (ANOVA) [19] with the given Accession # (GSE ID), as Supplementary material to publication (S), from The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov), or from the cBioPortal [20] .
by Blaveri and colleagues (Blaveri cohort) [12] , 28 patients from Chungbuk National University Hospital (CNUH cohort) [13] , 78 patients analyzed by Reister and colleagues (Reister cohort) [14] , 32 patients profiled by Lindgren and colleagues [15] , 22 patients profiled by Choi and colleages (Choi cohort) [5] , 60 patients from the Memorial Sloan Kettering Cancer Center (MSKCC cohort) [16] , 47 additional patients from the Memorial Sloan Kettering Cancer Center with profiles available on the cBioPortal (MSKCC-CBIO cohort) [17] , and 147 patients profiled as part of The Cancer Genome Atlas project (TCGA cohort), a subset of whom were described previously [7] . Because there was no single endpoint common to all cohorts, we selected the endpoint as follows: DSS was always used if available (3 cohorts); otherwise, OS was used if available (3 cohorts); if neither DSS nor OS were available, we used RFS as the endpoint (2 cohorts). These endpoints are listed in Table 1 .
Gene expression datasets
The sex identification signature was identified from a cohort of 80 patients profiled at l'Hôpital de l'Hôtel-Dieu at Laval University [18] . All other gene expression data used in this analysis are publicly available from the Gene Expression Omnibus [19] , the Cancer Genome Atlas, the cBioPortal [20] , or as supplementary material to publication (Table 1) . Gene expression profiles were measured at the mRNA level using either Affymetrix microarrays (MSKCC and Reister), Illumina expression beadchip arrays (Choi, CNUH, and MSKCC-CBIO), non-commercial or customized arrays (Blaveri and Lindgren), or RNA-seq (TCGA). The specific platforms are listed in Supplementary Table S1 . For all cohorts, processed data was downloaded and analyzed. In the Blaveri cohort, genes with missing values in >20% of samples were removed and expression values imputed using the impute package (impute.knn function) in R with default parameters. In the TCGA and Choi cohorts, low quality genes with an interquartile range of 0 were removed prior to analysis. Microarray probes were matched to genes based on current Affymetrix or Illumina annotation. When multiple probes were present for a gene, the probe with the highest mean expression was used [21] .
Signature score calculation
CCP and additional signature scores were calculated by first normalizing each gene to have a mean of 0 and standard deviation of 1 across all samples within each cohort. Unweighted scores were calculated by taking the average normalized expression of all signature genes. Weighted scores were calculated by assigning a weight to each gene: a weight of +1 is assigned if the expression of the gene is either negatively associated with outcome (HR >1) or up-regulated in males (AUC >0.5); otherwise a weight of −1 is assigned. The weighted score is the weighted average expression of signature genes. For all analyses, continuous signature score is evaluated.
Power analysis
The selection criteria described above expanded to also include patients with low-grade, non-muscle invasive tumors. For this analysis, a cohort was analyzed if it had at least 10 patients with low-grade, nonmuscle invasive tumors and at least 10 patients with high-grade, muscle invasive tumors. This expanded the Blaveri, CNUH, and MSKCC cohorts, yielding new control cohorts with 57, 114, and 72 patients, respectively. For a given cohort, let n 1 = the number of patients in a cohort with low-grade, non-muscle invasive tumors and n 2 = the number of patients in a cohort with high-grade, muscle invasive tumors. Let n = the number of patients to randomly select, s 1 = min(n 1 , n/2) and s 2 = min(n 2 , n/2). Then randomly select patients s 1 with low-grade, non-muscle invasive tumors and s 2 patients with high-grade, muscle invasive tumors. Then if s 1 + s 2 < n, randomly select n-(s 1 + s 2 ) additional patients. This approach maintains a balance between patients with low-grade, non muscle invasive tumors and high-grade, muscle invasive tumors. For each cohort n patients are randomly selected and the prognostic value of CCP score analyzed. This process is repeated 1000 times and the power for a sample of size n is estimated as the proportion of times CCP score was negatively and significantly (HR >1, P < 0.05) associated with outcome in the given cohort.
Statistical analyses
For sex identification, accuracy was quantified by the area under the receiver operating characteristic curve (AUC) with males coded as 1 and females coded as 0, and P-values calculated by the Wilcoxon Rank Sum Test. The AUC is equivalent to classification accuracy (number of patients correctly classified/total number of patients) when the number of male and number of female patients are the same.
For survival analyses, cox proportional hazard models were used to calculate hazard ratios (HR) for a Table 2 Association of clinicopathological variables with outcome using the endpoints given in Table 1 . For each cohort (column), the value in the table is the hazard ratio (HR) for the variable in the first column. For each row, the HR corresponds to the first category (e.g., male) with respect to the second category (e.g., female), with the exception of age, where the HR corresponds to a 1-year increase in age, and stage in the Lindgren cohort. In Lindgren, patients with T2 tumors who are pM0 have 100% survival (see Fig. S3 ). Because the HR corresponding to T4 vs. T2 is not defined in this case, the HR corresponding to T4 vs. T3 is given instead. A dash ('-') indicates insufficient sample size for analysis. * We evaluated whether a list of genes was enriched with predictive genes by calculating an enrichment score, given by enrichment score = # of significantly predictive genes total # significantly predictive genes where a gene is significantly predictive if P < 0.05, based on the Wilcoxon Rank Sum Test (sex discrimination), or log rank P-value (survival association). The hypergeometric distribution is used to calculate a P-value for whether the test cohort is significantly enriched in predictive genes (i.e., whether the enrichment score significantly exceeds 1).
We evaluated whether a list of genes was enriched with genes associated with biological processes by using the Database for Visualization and Annotated Discovery (DAVID) [22] , which identifies Gene Ontology (GO) [23] terms and KEGG pathways [24] overrepresented in lists of genes. Enrichment was evaluated at the probe level.
RESULTS
Patient cohorts and common clinical predictors of survival
We analyzed all publicly available cohorts that had patients with high-grade, muscle invasive tumors and patient outcome information (8 cohorts, N = 458). Patient cohorts have similar age and gender distributions, but differ with respect to stage (T2, T3, T4), nodal status (pN0, pN1-N3), and metastases status (M0, M1) ( Table 1) . However, stage, nodal status and metastases status were consistently associated with outcome, consistent with previous studies [3] . Specifically, stage was significantly associated with outcome in 6 out of 8 cohorts with stage information, while nodal status was predictive of outcome in 4 out of 8 cohorts. Metastases status was predictive in all cohorts where this information was available (Table 2 and Supplementary Figures S1-S3). These results suggest that performance of prognostic signatures can be fairly compared across these cohorts using the specified endpoints, since patients share common clinicopathological predictors of outcome. We expect that gene signatures or processes that capture this common tumor pathology will be predictive across multiple cohorts, though not necessarily all of them. We note that grade was not considered in this analysis because either all patients had the same grade within each cohort, or the specific high-grade designation (grade 3-4) was not available.
The prognostic value of a cell cycle proliferation signature in bladder cancer patients with high-grade, muscle invasive tumors
We have previously found that a continuous cell cycle proliferation (CCP) score, calculated as the average unweighted, normalized expression of 31 genes (see Methods), was significantly predictive of outcome in five bladder cancer patient cohorts [11] . However, these cohorts included patients with both low-and high-grade tumors, and non-muscle and muscle invasive tumors. Our first objective is to evaluate the prognostic value of CCP score in bladder cancer patients with high-grade, muscle invasive tumors.
A power analysis was performed in order to estimate whether or not each of our eight cohorts had sufficient sample size for prognostic gene expression signature evaluation, under the assumption that CCP score is independent of stage and grade. The Blaveri, CNUH, and MSKCC cohorts were expanded to include patients A B C Fig. 1 . Association of gene signature scores with outcome and sex. Signature scores were calculated by finding the average expression of all signature genes. A, power analysis for evaluation of CCP score in the Blaveri, CNUH, and MSKCC cohorts when patients with low-grade, non-muscle invasive tumors were included. For each sample size, the power is estimated as the proportion out of 1000 random samples where CCP score is negatively and significantly (HR >1, P < 0.05) associated with outcome. Vertical dashed lines correspond to the sample sizes of each cohort when limited to patients with high-grade, muscle invasive tumors. B, the ability of the Sex Identification Signature (SIS) score to distinguish males from females in cohorts when limited to patients with high-grade, muscle invasive tumors. Performance is measured by AUC, which is equivalent to the probability that a randomly selected male has a higher SIS score than a randomly selected female. The dashed black line corresponds to the AUC value of an association due to random chance (i.e., AUC = 0.50). A * denotes statistical significance (P < 0.05) of an AUC differing from 0.50 based on the Wilcoxon rank-sum test. C, the prognostic value of CCP score in each cohort. Plots show the log 10 HR (filled circle) and 95% confidence interval for each cohort and each signature and a vertical dashed line corresponding to a log 10 HR of no association between score and outcome (i.e., a log 10 HR of 0).
with low-grade, non-muscle invasive tumors. For each cohort 20 patients were randomly selected as described in Methods. The prognostic value of CCP score was then evaluated and this process repeated 1000 times each for sample sizes ranging from 20 to 147 in order to estimate the power that the CCP signature would significantly (P < 0.05) and negatively (HR > 1) associate with outcome, which was plotted as a function of sample size (Fig. 1A ). We were able to obtain power estimates for Blaveri, CNUH, and MSKCC, and these ranged from approximately 80% for CNUH (N = 28) to 90% for MSKCC (N = 60) (Fig. 1A) . It is clear that the study is sufficiently powered for Reister and TCGA (100% power), while we estimate the power to be at least 75% for MSKCC-BIO. Our study is likely underpowered, however, for the Choi cohort (N = 22). This analysis is an important positive control and suggests that for the majority of cohorts in Table 1 , CCP score will be negatively associated (P < 0.05) with outcome if its prognostic value was independent of stage and grade. An additional positive control was also used. We identified a new "sex identification signature" (SIS) from a cohort of 80 bladder cancer patients with highgrade, muscle invasive tumors [18] . This cohort is not analyzed further because all patients were treated with Fig. 2 . Prognostic value of weighted CCP score. CCP signature genes were weighted by −1 or +1 according to whether the gene was positively or negatively associated with outcome, respectively, in each training cohort (blue lines). A weighted CCP score was then calculated and its prognostic value evaluated in the remaining cohorts (i.e., the testing cohorts). Plots show the log 10 HR (filled circle) and 95% confidence interval for each cohort and each signature, with statistically significant results (P < 0.05) colored red, and a vertical dashed line corresponding to a log 10 HR of no association between score and outcome (i.e., a log 10 HR of 0). adjuvant chemotherapy. The signature consists of nine genes that are up-regulated in males (Supplementary  Table S2 , FDR <10%).
The rest of the manuscript considers only patients with high-grade, muscle invasive tumors. We calculated SIS and CCP scores by finding the mean expression of all normalized signature genes. SIS scores accurately separated males from females in all six cohorts that had demographic information on patient sex (AUC >0.87, P < 0.05 in each cohort, Fig  1B) . This "positive control" shows that the score from an independently derived signature, calculated as the average expression value of the signature genes, has predictive ability in the patient cohorts analyzed here. However, when we evaluated the prognostic value of CCP score in these patients, there were no cohorts for which CCP score was significantly associated with outcome (Fig. 1C) .
The above calculation of CCP score assumes that each CCP gene is negatively associated with outcome. This is a reasonable assumption, since CCP genes are positively correlated with one another and this CCP score is negatively associated with outcome in prostate cancer and in bladder cancer patients when patients with low-grade and non-muscle invasive tumors are included [8, 11, 25] . However, to account for the possibility that a signature gene might be positively associated with outcome, we also analyzed the weighted average expression of all signature genes, using a training cohort to assign weights of+1 or −1 to each gene depending on whether or not the gene was negatively (HR >1) or positively (HR <1) associated with outcome, respectively. We selected one cohort as a training cohort and evaluated the weighted CCP score in the remaining testing cohorts, and this analysis was repeated with each cohort as the training cohort. In this analysis, weighted CCP score was also not significantly (P < 0.05) prognostic in any testing cohort (Fig. 2) . These results indicate that the original and weighted CCP scores are not prognostic in patients with high-grade, muscle invasive tumors. Fig. 3 . Prognostic value of the Gene Ontology Cell Cycle signature (GO-CCS). Signature genes were weighted by −1 or +1 according to whether the gene was positively or negatively associated with outcome, respectively, in each training cohort (blue lines). A weighted GO-CCS score was then calculated and its prognostic value evaluated in the remaining cohorts (i.e., the testing cohorts). Plots show the log 10 HR (filled circle) and 95% confidence interval for each cohort and each signature, with statistically significant results (P < 0.05) colored red, and a vertical dashed line corresponding to a log 10 HR of no association between score and outcome (i.e., a log 10 HR of 0).
The prognostic value of cell cycle gene sets in bladder cancer patients with high-grade, muscle invasive tumors
We next looked at cell cycle-related genes more broadly, rather than focusing specifically on the 31-gene CCP signature. Two cell cycle gene sets were analyzed. We identified all genes from the Gene Ontology (GO) database annotated with the biological process "cell cycle" (GO:0007049). In this database, "cell cycle" encompasses all biological processes (e.g., mitotic cell cycle, nuclear DNA replication) associated with cell division, and the set includes 1826 unique genes. The second set consists of the 124 genes belonging to the "cell cycle" pathway in the KEGG pathway database (hsa04110). We will refer to these GO and KEGG cell cycle gene signatures as GO-CCS and KEGG-CCS, respectively.
For each cell cycle signature, we calculated a weighted signature score using the method described above. One cohort was selected as the training cohort, and the remaining cohorts were used for testing. This was repeated with each cohort as the training cohort.
Only one training cohort (Lindgren) yielded significantly prognostic (P < 0.05) GO-CCS scores in any testing cohorts, while the remaining 6 training cohorts did not produce prognostic GO-CCS scores in any testing cohorts (Fig. 3) . For KEGG-CCS, no training cohort yielded significantly prognostic scores in more than one testing cohort (Fig. 4) . In contrast, the SIS "positive control" produced weighted scores that significantly (P < 0.05) distinguished males from females in all testing cohorts regardless of which training cohort was used (Supplementary Figure S4) . This latter finding demonstrates that a robust predictive signature will not be sensitive to the training cohort used. Overall, these results suggest that the expression of cell cycle associated genes have limited prognostic value in patients with high-grade, muscle invasive tumors.
Cell cycle gene lists are not enriched in genes predictive of outcome in high-grade, muscle invasive bladder cancers
Arguably, a prognostic gene signature should contain genes that are themselves individually prognostic. Signature genes were weighted by −1 or +1 according to whether the gene was positively or negatively associated with outcome, respectively, in each training cohort (blue lines). A weighted KEGG-CCS score was then calculated and its prognostic value evaluated in the remaining cohorts (i.e., the testing cohorts). Plots show the log10 HR (filled circle) and 95% confidence interval for each cohort and each signature, with statistically significant results (P < 0.05) colored red, and a vertical dashed line corresponding to a log 10 HR of no association between score and outcome (i.e., a log 10 HR of 0). Enrichment analysis assesses whether or not a gene signature contains more significantly prognostic (P < 0.05) genes than what would be expected by chance. Such an analysis can be thought of as an unbiased way of assessing the prognostic value of a gene signature, since the enrichment (or lack thereof) does not depend on factors such as the specific mathematical model or gene weighting used to produce a signature score, the choice of gene normalization, or the choice of training cohort, which all can effect the performance of a gene signature.
We quantified the enrichment of the CCP, GO-CCS, and KEGG-CCS gene lists for genes that were significantly associated with outcome. For each cohort and each gene list, we calculated an enrichment score, which quantifies how much more likely the signature is to contain a prognostic gene (P < 0.05) than the set of all genes profiled for that cohort (see Methods for details). For example, an enrichment score of 2 indicates that the gene signature contains twice as many significantly prognostic genes than the set of all genes profiled. P-values assess whether an enrichment score is significantly greater than 1 (i.e., whether a signature is significantly enriched). We note that in our analysis of CCP, GO-CCS, and KEGG-CCS, we place no constraints on whether a gene is positively or negatively associated with outcome, so that a gene that is positively associated with outcome in one cohort can be negatively associated with outcome in another (or vice-versa). This is a conservative approach that may overestimate the true enrichment of a gene list, but simplifies the analysis since we do not know a priori whether a signature gene is positively or negatively associated with outcome. Because all SIS signature genes are up-regulated in males, however, we require that a SIS signature gene be up-regulated in males when we calculate its enrichment score. SIS, the positive control, is significantly enriched with genes that are up-regulated in males in all cohorts (P < 0.05), with a mean enrichment score of 22.3 (range 7.8-63.5, Fig. 5A ). However, neither the CCP nor KEGG-CCS lists were significantly enriched with prognostic genes, while GO-CCS was significantly enriched with prognostic genes in only one A B Fig. 5 . Enrichment analysis of sex identification and cell cycle signatures. An enrichment analysis was carried out to test whether a gene signature was enriched in significantly predictive (P < 0.05) genes for sex or outcome. The enrichment score is the ratio of the number of significantly predictive genes in the signature to the number of significantly predictive genes in the dataset. A, enrichment of Sex Identification Signature (SIS; positive control) for genes that are significantly (P < 0.05) up-regulated in males. B, enrichment of CCP, GO-CCS, and KEGG-CCS cell cycle signatures for genes that are significantly (P < 0.05) prognostic. The dotted line corresponds an enrichment score of 1 (i.e., what would be expectd by chance). A * denotes statistical significance (P < 0.05) that a signature is enriched (i.e, the enrichment score is significantly greater than 1). cohort (Fig. 5B) . The highest enrichment score corresponded to the CCP signature in the Lindgren cohort (score = 2.11), but this was not statistically significant (P = 0.385), partially because only 1 out of the 11 CCP genes that were profiled was significantly prognostic. A lack of consistent enrichment in the cell cycle related gene lists for significantly prognostic genes provides strong evidence that, as a class, cell cycle associated genes are not prognostic in bladder cancer patients with high-grade, muscle invasive tumors, based on their gene expression.
Is there a functional class of genes that consistently predict outcome in bladder cancer patients with high grade, muscle invasive tumors?
A previous validation study found that bladder cancer survival signatures identified from gene expression profiling studies performed no better than chance when applied to independent cohorts containing patients with both superficial and invasive tumors [26] . However, a robust prognostic signature was later identified following the observation that cell-cycle related genes were the only class of genes consistently predictive of outcome in bladder cancer patients [11] . We therefore used an identical approach and investigated whether a class of consistently prognostic genes could be found for patients with high grade, muscle invasive tumors. The identification of a common biological process could guide the development of a consistently prognostic signature containing genes related to that process.
In each cohort, we identified all genes that were significantly associated with outcome (P < 0.01). We then identified GO terms and KEGG pathways that were over-represented in each list of prognostic genes, and compared these across the cohorts. We note that this analysis was identical to the enrichment analysis used previously that found that cell cycle related processes A B Fig. 6 . Prognostic modules associated with outcome in bladder cancer patients with high-grade, muscle invasive tumors. In each cohort, (A) over-represented Gene Ontology (GO) terms and (B) KEGG pathways were identified from lists of genes significantly predictive of disease outcome (P < 0.01) using the DAVID gene annotation enrichment analysis toolkit. Consistently prognostic modules were identified by ranking all modules first by the number of cohorts with significant results (FDR < 20%) and then by average p-value. Each figure includes ten modules: the most consistently prognostic modules and the 'top hit' for each cohort, marked by an asterisk ( * ), which is defined as the module with the lowest FDR in that cohort that has an FDR < 20% in multiple cohorts, or if no such module exists, then the module with the lowest FDR.
such as "cell cycle process", as defined by GO, were the only processes consistently associated with outcome in bladder cancer patient cohorts that included patients with both low-grade, non-muscle invasive and high-grade, muscle invasive tumors [11] . Figure 6 shows the results from the gene set enrichment analysis across the 8 bladder cancer patient cohorts in our study, with all patients having muscleinvasive, high-grade tumors. The top 10 GO terms and KEGG pathways are shown. The most consistently prognostic class of genes were defined by the GO term "programmed cell death", which was associated with outcome in 3/8 cohorts (FDR <20%). Several other GO terms (such as "cell adhesion") were associated with outcome in 2 cohorts. Only one KEGG pathway ("allograft rejection") was associated with outcome in more than one cohort. For the complete set of results, see Supplementary Table S3 . These results indicate that there is no single class of genes whose expression is consistently associated with outcome in bladder cancer patients with muscle-invasive, high-grade tumors.
DISCUSSION
We evaluated several cell cycle related gene signatures in bladder cancer patients with high-grade, muscle invasive tumors and found that these gene signatures had limited prognostic value in these patients. This finding was in contrast to a previous study that found that in patients with both non-muscle invasive and muscle invasive tumors, cell biomarkers robustly predict outcome in bladder cancer patients. Specifically, in a multivariate analysis of patients that included stage (muscle invasive vs. non-muscle invasive) and grade (high-grade vs. low-grade), CCP score outperformed grade and was comparable to stage when evaluated in multiple patient cohorts [11] . Our current work indicates that although cell cycle biomarkers are prognostic across patients with both non-muscle invasive and invasive tumors, these biomarkers are not prognostic in patients with high-grade, muscle invasive tumors. This may be because the prognostic value of cell cycle biomarkers is dependent on their ability to distinguish low-grade, non-muscle invasive tumors from high-grade, muscle-invasive tumors [15] . Furthermore, if nearly all high-grade, muscle invasive tumors have genomic alterations in cell cycle genes [7] , then cellular proliferation may be similar across these tumors and would not distinguish between patients with good and poor prognoses.
There are several technical aspects of our study that must be addressed. First, because patient cohorts were profiled on different platforms, probes for cell cycle genes may not be comparable across platforms. Second, five of the eight cohorts we analyzed have modest sample sizes of less than 50. We addressed these potential limitations in our study through a power analysis (Fig. 1A) , which shows directly that CCP score is prognostic in three cohorts (Blaveri, CNUH, MSKCC) when patients with low-grade, non-muscle invasive tumors are included, despite the fact that different platforms were used for gene expression profiling (a custom cDNA array, an Illumina bead array, and an Affymetrix microarray; Supplementary Table S1) in these cohorts. For the sample sizes we analyze (Table 1) , the power of our study is at least 80% for each of these three cohorts. Despite this, CCP score was not significantly associated with outcome in any of these three cohorts when only patients with high-grade, muscle invasive tumors were analyzed (Fig. 1C) . This result strongly suggests that it is the lack of patients with lowgrade, non-muscle invasive tumors that diminishes the prognostic value of CCP score, rather than differences between platforms or sample sizes.
Stage, nodal status, and metastasis status are strongly associated with outcome in bladder cancer [3] . In two cohorts (Choi and MSKCC), however, none of these clinical variables were significantly associated with outcome. These cohorts are clearly not representative of typical patients and therefore the lack of prognostic signatures in these cohorts is not surprising. Nevertheless, although the remaining cohorts differed with respect to stage, nodal status, metastasis status, and endpoints, they did share common clinicopathological predictors of survival. If a signature was associated with outcome because of correlation with one of these predictors, we would expect that signature to predict outcome in all cohorts were that clinicopathological factor was predictive. Therefore, for example, we would expect a signature associated with the metastatic nature of a tumor to predict outcome in Lindgren, CNUH, and Reister, since metastasis status was associated with outcome in these three cohorts (Table 1) . However, no signature we analyzed was prognostic in these three cohorts. In fact, no signature we analyzed was prognostic in Reister, despite its relatively large sample size (N = 78). In addition, no signature we analyzed was consistently prognostic across cohorts where either nodal status or stage was associated with outcome. For example, the GO-CCS signature, when trained on Lindgren, was prognostic in CNUH, a cohort where stage, nodal status, and metastasis status were all individually associated with outcome. However, GO-CCS was not prognostic in any other cohort where stage, nodal status, or metastasis status were prognostic.
The primary objective of our study was to determine the prognostic value of CCP score using the same weighting scheme previously found to be prognostic in both bladder and prostate cancer [8, 11, 25] . We also considered a simple weighting scheme with weights of +1 or −1 assigned to each gene, for the CCP, GO-CCS, and KEGG-CCS signatures. Arguably, a more flexible weighting scheme could result in more robust classification. However, the CCP, GO-CCS, and KEGG-CCS gene lists do not contain any more prognostic genes than are expected by chance (Fig. 5B) . These results strongly suggest that these signatures would not be consistently prognostic, regardless of the weighting scheme or classification method used.
Our analysis of cell cycle biomarkers were based on their transcription profiles, rather than genomic alterations or protein expression. Mitra et al. reviews immunohistochemical cell cycle biomarkers in bladder cancer and concludes that markers of cell growth receptor signaling, the p53 and retinoblastoma pathways, and cell proliferation (i.e., KI-67) have prognostic value, and that multimarker panels have more prognostic value than individual biomarkers [27] . However, none of the studies referenced within this review explicitly evaluated KI-67 in patients with high-grade, muscle invasive tumors. One study found that KI-67 protein expression significantly associated with outcome in patients with muscle invasive tumors (P = 0.045), but the finding was not significant in a multivariate analysis that included stage and grade [28] . Another study found that KI-67/p27 together were prognostic in muscle invasive cancers in a multivariate analysis [29] . These findings do not contradict our conclusions. However, we note that because mRNA levels explain only about 40% of protein levels [30] , investigation of both protein and mRNA biomarkers may yield contradictory results.
Finally, our gene set enrichment analysis was unable to identify any process associated with outcome in the majority (>3) of cohorts, based on GO biological processes and KEGG pathway annotations. This was surprising, since prognostic signatures are often consistently enriched in biological processes despite containing different numbers of genes [31] . Additionally, Mitra and colleagues identified a 15 gene signature with prognostic value independent of stage and grade, and this signature was enriched in GO terms related to WNT and MAPK signaling, focal adhesion, and cancer-related pathways [32] . Previous studies have also found that basal and luminal subtypes of muscle invasive tumors were associated with survival [5, 6] . However, these subtypes are not present in the GO or KEGG pathway database. Nevertheless, our findings suggest that high-grade muscle invasive bladder cancer is a heterogenous disease and that there may be a variety of biological pathways that drive outcome, and that these pathways are independent of clinicopathological variables. The activation or repression of such pathways would define genomic subtypes that are associated with outcome. If this is the case, Fig. 6 provides insight into these potentially prognostic pathways and suggests that "programmed cell death" is altered in one subtype. Interestingly, increased apoptosis is associated with poor outcome in patients with invasive breast cancer [33] while down-regulation of caspase-9, which is required for apoptosis, is associated with poor outcome in patients with stage II colorectal cancer [34] .
In summary, we find that cell cycle related biomarkers have limited prognostic value in bladder cancer patients with high-grade, muscle invasive tumors. The prognostic value of cell cycle markers in patients with basal or luminal subtypes and the value of these markers in predicting patient response to chemotherapy remains to be determined.
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